The article discusses a method applied for combining the results of Global Navigation Satellite Systems (GNSS) and 75-year old triangulation measurements to estimate the crustal movements in central western Bulgaria region. It was examined for joint analysis based on the results of GNSS with angular measurements of the rst order triangulation network in Bulgaria during the period 1923-1930 year. As a result of the processing of GNSS and angular measurements, horizontal velocities of 15 points, strain rates, and rotation rates have been obtained. The results show dominating N-S extension at a rate of 1-2 mm/y and the deformation is not uniformly distributed over the studied area. The obtained results indicate the possibility of using old angular measurement of rst-order triangulation points, together with GNSS data, to obtain estimates of the horizontal crustal movements.
Introduction
GNSS is a technique that is a useful for studies on active tectonic because it provides quantitative information on kinematic and deformation parameters in the studied areas. Static GNSS measurements are used to determine the crustal movements. GNSS measurements allow observation of the recent tectonic activity because they provide quantitative assessments of crustal movements in studied areas. Previous studies have shown the applicability of such a method in geodynamic areas with high horizontal and vertical deformation rates such as the western United States (Dong et al., 1998) , central west Bulgaria (Dimitrov and Georgiev, 2011) , Central Valley, California (Romero and Berber, 2018) and so on. Global Positioning System (GPS) data provide a good opportunity to study the current geodynamic processes, but the basic question arising in this case is how far the present-day results can be extrapolated back in time. An approach to address this question is to integrate GNSS with historical triangulation data in spite of the fact that the positional accuracy of the old triangulations is usually in the range of 10-15 cm which is much lower, than the accuracy of the GPS measurements. The region of central western Bulgaria is of particular interest because of the high population density and high concentration of industrial resources so it is necessary to carry out the research of crustal movements in the area.
GPS measurements
GPS measurements of eight points in a region of central western Bulgaria carried out by specialists from the Department of Geodesy at National Institute of Geophysics, Geodesy and Geography (NIGGG, Bulgarian Academy of Science) in several periods between 1997 and 2006 is used in the estimation. The measured points are part of the established in 1996 geodynamic GPS network in the region within a joint project with the Massachusetts Institute of Technology (Kotzev et al., 2006) . All points are stabilised with metal bolts in typical rocks after geological eld study. Additional GPS measurements were carried out of seven points of the rst-order Bulgarian triangulation network (Fig. 1) . The epochs of the GPS measurements is shown in Table 1 . 1927, 1929, 1932) consist of theodolite directions measured by the method of Schreiber with standard error of the mean of 0.3 arc seconds.
In Figure 1 , points from geodynamic GPS network are shown with circles, points from Bulgarian rst-order triangulation network with triangles and measured directions with lines.
Combination of triangulation and GPS data
The approach described by Dong et al. (1998) is followed in this study to combine triangulation and GPS data. The loosely constrained estimates for the station positions from the triangulation data were computed using the FONDA software (Dong, 1993) . Those estimates and their covariance matrix were in- troduced as quasi-observations at the second stage of the GPS processing to recombine with the GPS data. The triangulation and GPS networks have been tied together imposing the triangulation stations 0011 and 0083 to have the same horizontal velocities as the nearby GPS stations BREZ and VLAD. Points coordinates and velocities have been estimated (Fig. 2) together with the principal strain axes (Fig. 3) , magnitudes and directions of rotation in Delaunay triangles (Fig. 4) .
Results and discussion
As results of the combined GPS and triangulation data solution, the velocities with respect to the Eurasia of all 15 points are obtained and values are given in Table 2 , where V x , V y and V z are the x, y and z component of velocity in geocentric reference frame, respectively; V n and V e are the north and east component of velocity in topocentric reference frame, respectively; and m i is the accuracy of corresponding velocity component. Horizontal velocities are shown in Figure 2 along with 3σ error ellipses. The slim lines show active faults in the region (Barrier et al., 2004) . Figure 3 shows the principal axes of the horizontal strain rate tensors in central west Bulgaria resulted from combined GPS and triangulation data solution. In Figure 4 the rotation rates in Delaunay triangles are shown. It is evident that the general tendency of movement of the points in the region of central west Bulgaria is in the south direction, which is in line with the extensive movement of southern Bulgaria and northern Greece (Burch el et al., 2000) . Although the di erent con guration of the network, some of the results in Kotzev et al. (2005) have been con rmed, the stations with combined GPS-triangulation velocities show similar behaviour as the GPS stations. This clearly indicates the compatibility between longer-and shorter-time active deformations of the land.
Even if small, the obtained relative motions between the points show some tendencies -station 0016 shows velocity very similar to the velocities for the closest stations. The velocity for station 0016 is quite reliable because the rst closely located station PLA1 is very well observed and the second, SOFI, is a permanent GNSS station with long data time span. Combination of triangulation and GPS networks by imposing the triangulation stations 0011 and 0083 to have the same horizontal velocities as the nearby GPS stations, BREZ and VLAD give more reliable result compared with that of Dimitrov and Georgiev (2011). The important result obtained in this study is that the rotations in the triangles to the north of Iskar fault zone (northwest to southeast) have counter-clockwise directions and those in the triangles located to the south of the fault zone have clockwise directions (Fig. 4 ).
Conclusions
The results show that the general tendency of movement of the points in the region of Central West Bulgaria is in the south direction with respect to the stable Eurasia, which is in line with the extensive movement of southern Bulgaria and northern Greece. The stations with combined GPS-triangulation velocities show similar behaviour as the stations with only GPS measurements. The accuracy of the estimated station velocities strongly depends on their observation history. From the analysis of the results, it is clear that rotations in the triangles located to the north of the Iskar fault zone (northwest to southeast) have counter-clockwise directions and those in the triangles located to the south of the fault zone have clockwise directions. The di erence in these directions shows the existence of the recent activity in the area. The results of this study can be used to clarify the geological and tectonic environment. However, longer periods of observation are necessary to acquire more accurate results.
